Calcium (Ca 2+ ) signaling is pivotal in adaptive immune responses. Sustained Ca 2+ influx across the plasma membrane of T cell leads to the activation of NFAT transcription factors. NFAT proteins regulate the survival, activation, proliferation and effector functions of T lymphocytes [1] [2] [3] [4] . Despite the established role of Ca 2+ in the development and function of T lymphocytes, the mechanism of sustained entry of Ca 2+ into naive T lymphocytes has remained elusive so far.
A well-characterized mode of Ca 2+ entry in T cells is the CRAC (calcium release-activated calcium) pathway, in which two key participants, STIM1 and ORAI1 (also known as CRACM1), have been described [5] [6] [7] . STIM1 functions as an intracellular Ca 2+ store sensor, which activates the CRAC pore subunit ORAI1 when Ca 2+ is released from intracellular stores after T cell antigen receptor (TCR) crosslinking 8 . Most studies have indicated that ORAI is crucial for T cell development and functions 9 . Yet deletion of ORAI has no substantial effect on Ca 2+ influx in naive T cells or the proliferation of naive T cells after stimulation 10, 11 . Such observations suggest complexity of the Ca 2+ response in primary T cells and indicate the potential involvement of more than one type of plasma membrane Ca 2+ channel.
Voltage-gated calcium (Ca v ) channels conduct Ca 2+ in a variety of cell types; this is most notably characterized in excitable cells. Ca v channel complexes consist of the pore-forming α1 subunit, in addition to the α2-, δ-, γ-and β-subunits. The β-subunits are cytoplasmic proteins that strongly regu-late Ca v channels through direct interaction with the pore-forming α1 subunits and are required for assembly of the channel complex 12 , correct plasma membrane targeting [13] [14] [15] and stimulation of channel activity 16 . Ca v channels are now known to be present in many cells not traditionally considered excitable, such as cells of the immune system [17] [18] [19] [20] . CD4 + T cells, a major arm of the adaptive immune system, express Ca v 1 family members, and functional β3 and β4 regulatory subunits are necessary for normal TCR-triggered Ca 2+ responses, nuclear translocation of NFAT and cytokine production 19 . Also, deficiency in AHNAK1, a scaffold protein, results in less production of interleukin 2 (IL-2), less proliferation of CD4 + T cells 21 and defective cytotoxic T lymphocyte (CTL) responses 22 , probably because of lower expression of Ca v 1.1 (A000443) and therefore attenuated Ca 2+ signaling. Such studies have provided convincing evidence of the biological importance of Ca v channels in T cell biology.
Here we investigated the role of Ca v channels in the entry of Ca 2+ into CD8 + T cells. Although CRAC channels have been linked to the entry of extracellular Ca 2+ into effector CD8 + T cell clones 23 , nothing is known about the mechanism of Ca 2+ entry in TCR-stimulated naive CD8 + T cells. Here we report the expression patterns of Ca v 1 family proteins in CD8 + T cells and document genetic evidence for a previously unknown role for the β3 regulatory protein in the survival of CD8 + T cells in vitro and in vivo.
RESULTS

Expression of Ca v channel components in CD8 + T cells
As a first step in analyzing the role of Ca v channels in CD8 + T cell functions, we examined the expression pattern of the pore-forming α1 subunits of Ca v 1 family members (Ca v 1.1, Ca v 1.2 (A000440), Ca v 1.3 (A000441) and Ca v 1.4 (A000442)) and their regulatory β-subunits (β1-β4) in both naive and activated CD8 + T cells. We designed intron-spanning PCR primer 1 2 7 6 volume 10 number 12 december 2009 nature immunology A r t i c l e s pairs for each gene and obtained the expected size of PCR products. Notably, expression of Ca v 1 family members in naive and effector CD8 + T cells was temporally regulated (Fig. 1a) . Cacna1s mRNA (encoding Ca v 1.1) was expressed only in effector CD8 + T cells but not in naive CD8 + T cells (Fig. 1a) . In contrast to Cacna1s mRNA, Cacna1f mRNA (encoding Ca v 1.4) had high expression in naive CD8 + T cells and was substantially downregulated in effector CD8 + T cells (Fig. 1a) . We did not observe such temporal regulation of the expression of Cacna1c and Cacna1d mRNA (encoding Ca v 1.2 and Ca v 1.3, respectively; Fig. 1a) . We further confirmed the reciprocal expression of Ca v 1.1 and Ca v 1.4 protein in wild-type CD8 + T cells. In agreement with the mRNA data (Fig. 1a) , whereas we detected Ca v 1.4 expression only in naive CD8 + T cells but not in activated CD8 + T cells (Fig. 1b) , we detected Ca v 1.1 expression only in activated CD8 + T cells but not in naive CD8 + T cells (Fig. 1b) . Ca v 1.1 protein expression appeared only on day 4 after primary stimulation (Supplementary Fig. 1 ). However, in contrast to the mRNA data, Ca v 1.2 protein is not detected in naive CD8 + T cells 22 .
We also examined the expression patterns of β-regulatory subunits in CD8 + T cells. Among all the β-subunits, only β3-subunit mRNA and protein (encoded by Cacnb3) was constitutively and predominantly expressed in naive as well as effector CD8 + T cells (Fig. 1c,d ). Other β subunits were either expressed in minimal amounts (β1 and β2) or undetected (β4; Fig. 1c) . The comparatively high expression of β3 protein in naive and activated CD8 + T cells led us to hypothesize a potential role for β3 in CD8 + T cell biology. To investigate the function(s) of β3 in the survival and proliferation of CD8 + T cells, we analyzed Cacnb3-deficient mice 24 .
T cell compartment in Cacnb3-deficient mice T lymphocytes develop normally in the thymus in the absence of the β3 subunit 19 . To identify the physiological roles of β3 in T cells, we analyzed peripheral lymphocytes isolated from Cacnb3 +/+ and Cacnb3 -/-mice. Cacnb3 -/-mice had CD4 + T cell populations of a normal size of in the periphery (Fig. 2a,b) ; however, we found a lower total number of CD8 + T cells in Cacnb3 -/-mice (Fig. 2b) . Although we did not consistently observe a smaller fraction of CD8 + T cells, the total number of CD8 + T cells was substantially lower (Fig. 2b) . These observations indicated a perturbation in CD8 + T cell homeostasis in Cacnb3 -/-mice.
To examine the CD8 + T cell population in more detail, we determined the activation status of CD8 + T cells. We consistently found a much lower proportion and absolute number of splenic naive (CD44 lo CD62L hi ) CD8 + T cells in Cacnb3 -/-mice than in wild-type mice (Fig. 2c,d) . Similarly, we also observed a lower absolute number, but not frequency, of naive CD8 + T cells in the peripheral lymph nodes of Cacnb3 -/-mice (Fig. 2c,d ). Furthermore, a greater percentage of Cacnb3 -/-CD8 + T cells had a memory-like phenotype (CD44 hi ) in the spleen (Fig. 2c) . In contrast, the frequency and absolute number of naive CD4 + T cells were normal in lymph nodes and spleen of Cacnb3 -/-mice ( Fig. 2e and Supplementary Fig. 2 ). These data indicate a specific defect in the CD8 + T cell compartment in vivo in Cacnb3 -/-mice.
Ca 2+ influx in Cacnb3 -/-CD8 + T cells
The mechanism of Ca 2+ entry in TCR-stimulated naive CD8 + T cells is unknown. As β3 deficiency results in less entry of Ca 2+ into naive CD4 + T cells after TCR crosslinking 19 , we determined if this was also the case in naive Cacnb3 -/-CD8 + T cells. The Ca 2+ response to TCR crosslinking was much lower in Cacnb3 -/-CD8 + T cells than in wild-type cells (Fig. 3a) . Both the initial peak and plateau were lower in the mutant cells than in wild-type cells. The ionomycin-induced Ca 2+ response in wild-type and Cacnb3 -/-CD8 + T cells was similar ( Fig. 3b) , which suggested that the diminished Ca 2+ entry was not due to CRAC deficiency. To investigate if the diminished entry of Ca 2+ into Cacnb3 -/-CD8 + T cells affected NFAT translocation and thereby activation, we examined NFATc1 abundance in cytosolic and nuclear extracts prepared from naive wild-type and Cacnb3 -/-CD8 + T cells stimulated for 12 h with antibody to CD3 (anti-CD3) plus anti-CD28. As expected from the lower global Ca 2+ concentrations in Cacnb3 -/-CD8 + T cells (Fig. 3a) , the nuclear translocation of three isoforms of NFATc1 was lower in stimulated CD8 + T cells in the absence of the β3 subunit ( Supplementary Fig. 3 ). Although the nuclear translocation of all three isoforms was lower, NFATc1 activation (as measured by the faster electrophoretic migration by dephosphorylated NFAT proteins) seemed normal in the absence of β3 (Supplementary Fig. 3 ). The cytoplasmic concentration of NFATc1 was also much lower in the stimulated Cacnb3 -/-CD8 + T cells (Supplementary Fig. 3 ). Therefore, we examined basal NFATc1 expression in unstimulated naive wildtype and Cacnb3 -/-CD8 + T cells. We prepared whole-cell lysates from equal numbers of live cells and assessed their expression of NFATc1 and another survival factor, the kinase Akt. We found less NFATc1 protein, but normal amounts of Akt, in naive Cacnb3 -/-CD8 + T cells (Fig. 3c) . To investigate if the lower expression of NFATc1 protein was due to altered gene expression, we measured the NFATc1 transcript abundance in wild-type and Cacnb3 -/-naive CD8 + T cells by real-time PCR assay. Nfatc1 expression was much lower in naive Cacnb3 -/-CD8 + T cells than in wild-type cells (Fig. 3d ). These data demonstrate that β3-dependent Ca 2+ entry is required for the steady-state transcriptional regulation of NFATc1 in naive CD8 + T cells.
Physiological importance of 3 in CD8 + T cells
Given that the Ca 2+ -NFAT pathway is required for the activation and proliferation of T cells, we determined whether the diminished entry of Ca 2+ into Cacnb3 -/-CD8 + T cells affected antigen-induced proliferation in vitro. We labeled sorted naive CD8 + T cells with the cytosolic dye CFSE and assessed cell cycle progression after 3 d of stimulation with anti-CD3 and anti-CD28 in the presence of exogenous mouse IL-2. Whereas wild-type cells underwent four to five cell divisions, a large number of Cacnb3 -/-CD8 + T cells failed to divide (Fig. 4a) . The forward-and side-scatter pattern of Cacnb3 -/-cells notably showed a higher percentage of dead cells on day 3 (Fig. 4b) , and cell recovery was also extremely low on day 3 (data not shown). These observations led us to determine if Cacnb3 -/-CD8 + T cells underwent activationinduced cell death.
To quantify such death, we activated naive CD8 + T cells from wild-type and Cacnb3 -/-mice by stimulating them for 48 h with anti-CD3 and anti-CD28, followed by staining with annexin V and propidium iodide. This staining showed that there was a much higher incidence of activation-induced cell death in Cacnb3 -/-CD8 + T cells than in wild-type control cells (Fig. 4c) . Cacnb3 -/-CD8 + T cells in the spleen, but not those in the thymus, showed enhanced annexin V-positive staining (Supplementary Fig. 4) . We also assessed the kinetics of activation-induced cell death in Cacnb3 -/-CD8 + T cells. We stained purified naive wild-type and Cacnb3 -/-CD8 + T cells for annexin V and propidium iodide at 0 h (unstimulated) or at 12 h or 48 h after activation. Approximately 40% of unstimulated naive Cacnb3 -/-CD8 + T cells were already positive for annexin V and propidium iodide at 0 h, compared with 4-5% of wild-type cells (Fig. 4d) , which suggested that these mutant cells were undergoing spontaneous apoptosis in vivo that was further increased after stimulation with anti-CD3 and anti-CD28 ex vivo.
To study the longevity of naive T cells in vivo, we removed thymus glands from wild-type and Cacnb3 -/-mice just after weaning at 3 weeks of age and assessed the survival of the naive T cell pool. Because thymectomy prevents the addition of new naive T cells to the existing pool, this procedure creates a fixed population of naive T cells in vivo. We examined spleens and lymph nodes for naive and memory T cells at 6-8 weeks after thymectomy. We observed a much lower proportion and absolute number of naive CD8 + T cells in all peripheral lymphoid organs in Cacnb3 -/-mice (Fig. 4e,f) . In contrast, although the proportion of central memory CD8 + T cells (characterized as CD62L hi CD44 hi ) was much higher in Cacnb3 -/-mice (Fig. 4e) , the total number of memory CD8 + T cells was lower in spleens but not in lymph nodes (Fig. 4f) . The frequency and total number of naive CD4 + T cells were also lower in the spleens and lymph nodes of Cacnb3 -/-mice than in those of wild-type mice (Fig. 4e,f) . These data establish a critical requirement for β3 in the in vivo survival of T cells in general and of naive CD8 + T cells in particular. 26 . Therefore, we investigated the expression of IL-7R and IL-15R in naive wild-type or Cacnb3 -/-CD8 + T cells. We found no substantial change in the expression of either receptor in the absence of β3 in naive CD8 + T cells (Fig. 5a,b) . These data suggested that β3 deficiency in naive CD8 + T cells did not impair the survival signals generated by the common γ-chain family of cytokines.
To investigate whether the defective survival of Cacnb3 -/-CD8 + T cells was cell intrinsic or was due to extrinsic factors, we did homeostasis experiments. The homeostatic proliferation of naive T cells is most easily studied by the transfer of small numbers of these cells into T cell-deficient mice, such as recombination-activating gene 1-deficient (Rag1 -/-) mice, mice with severe combined immunodeficiency (SCID) or nude mice. For these experiments, we backcrossed Cacnb3 -/-mice for eight generations onto congenic C57BL/6 mice and used age-and sex-matched wild-type (CD45.1.1 + ) mice and Cacnb3 -/-(CD45.2.2 + ) mice for experiments. We transferred a mixture of sorted, naive, Cacnb3 -/-and wild-type CD8 + T cells into recipient Rag1 -/-(CD45.1.1 + ) mice (Fig. 5c) . At 1 week after transfer, whereas wild-type donor cells survived and expanded their populations extensively to constitute 2-3% of the host cells, we detected 1% or less Cacnb3 -/-donor cells (Fig. 5d) , even though we transferred more Cacnb3 -/-cells than wildtype cells at the beginning of the experiment (Fig. 5c) . After 4-6 weeks of transfer, we recovered 10-40% of wild-type cells but considerably fewer Cacnb3 -/-cells (Fig. 5d) . The disappearance of Cacnb3 -/-cells was thus due to their defective long-term survival.
Fas-mediated apoptosis of Cacnb3 -/-CD8 + T cells
Many studies have established the antiapoptotic function of NFAT factors in the immune system [27] [28] [29] . We therefore examined pro-and antiapoptotic gene expression in wild-type and Cacnb3 -/-CD8 + T cells. First we assessed expression of the cell surface receptor Fas in naive Cacnb3 -/-CD8 + T cells. Notably, naive Cacnb3 -/-CD8 + T cells had much higher expression of Fas protein (Fig. 6a) , but not of CD43 or Fas ligand (Supplementary Fig. 5 ), than did wild-type cells. Similarly, Fas transcript abundance was two-to threefold higher in naive Cacnb3 -/-CD8 + T cells than in the wild-type control cells (Fig. 6b) , consistent with a published report describing a requirement for Ca 2+ in repressing Fas gene expression 30 . Finally, we determined if β3 deficiency affected the expression of antiapoptotic genes and found that expression of mRNA for the antiapoptotic molecules Bcl-2, Bcl-x L and FLIP was downregulated in naive Cacnb3 -/-CD8 + T cells (Fig. 6b) .
To 'rescue' the loss of CD8 + T cells in vivo, we crossed Cacnb3 -/-mice with Fas -/-mice. The proportion and number of Cacnb3 -/-Fas -/-naive CD8 + T cells were restored to those of wild-type mice (Fig. 6c,d) . These data collectively suggest that the spontaneous apoptosis of Cacnb3 -/-naive CD8 + T cells was mediated by Fas.
Defective CD8 + T cell responses in Cacnb3 -/-mice As the β3 subunit had abundant expression in activated CD8 + T cells (Fig. 1c,d) , we analyzed its role in effector CD8 + T cell functions. Because Cacnb3 -/-CD8 + T cells were unable to proliferate in vitro (Fig. 4a) , we used a model system described before to test CD8 + T cell effector function in vivo 31 . For this, we transferred wild-type dendritic cells primed with SIINFEKL ovalbumin peptide into wildtype and Cacnb3 -/-mice. We examined the ability of antigen-specific CD8 + T cells to produce several effector molecules, including interferon-γ, IL-2, tumor necrosis factor and granzyme B, on day 7 after immunization. Cacnb3 -/-CD8 + T cells had a substantial deficiency in the production of interferon-γ and IL-2 (Fig. 7a,b) . Antigen-specific Cacnb3 -/-CD8 + T cells also had a similar deficiency in the production of tumor necrosis factor and granzyme B (Fig. 7c,d ). These data also suggest that the deficiency in the production of effector molecules by Cacnb3 -/-CD8 + T cells was not due to defective antigen presentation, as we primed Cacnb3 -/-CD8 + T cells with wild-type dendritic cells.
Depletion of Ca v 1.4 in Cacnb3 -/-naive CD8 + T cells
The β-subunits regulate the expression of Ca v α1 subunits by masking their endoplasmic reticulum retention signals 13 . As we found Ca v 1.4 was expressed in naive CD8 + T cells (Fig. 1a,b) , we analyzed its expression in naive CD8 + T cells purified from wild-type and Cacnb3 -/-mice. We detected complete loss of Ca v 1.4 protein (Fig. 8a) , but not its mRNA (Fig. 8b) , in Cacnb3 -/-CD8 + cells. Instead, there was a greater abundance of Cacna1f mRNA in the absence of β3 (Fig. 8b) , which suggested a compensatory increase in Cacna1f mRNA expression. On A r t i c l e s the basis of these data, we concluded that β3 was not needed for the upregulation of channel transcription but instead was involved in post-transcriptional events.
The β-subunit belongs to the membrane-associated guanylate kinase class of scaffolding proteins (MAGUK) and contains a conserved Src homology 3 domain and a conserved guanylate kinase domain 32 (Supplementary Fig. 6 ). Interaction between the α-interaction domain in the α1 subunit and the guanylate kinase domain is necessary for β-subunit-stimulated surface expression of Ca v channels 33 . Depletion of Ca v 1.4 in Cacnb3 -/-CD8 + T cells (Fig. 8a) indicated potential interaction between Ca v 1.4 and β3. To examine this, we coimmunoprecipitated β3-interacting proteins from wild-type CD8 + T lymphocytes and analyzed them by immunoblot with anti-Ca v 1.4. We detected Ca v 1.4 only in those samples immunoprecipitated with anti-β3 and not in samples immunoprecipitated with isotype-matched control antibody (Fig. 8c) . Collectively these data demonstrate that Ca v 1.4 and β3 form a stable Ca v 1.4 calcium channel complex in these T cells and suggest that the absence of β3 destabilizes and leads to degradation of this channel complex without affecting Cacna1f gene expression.
Interaction of 3 and Ca v 1.4 with T cell signaling proteins
Many 'downstream' TCR signaling proteins, such as Lck, Vav, Zap70, Grb2 and Nck, contain Src homology 2 and 3 motifs known to facilitate the assembly of multiprotein signaling complexes. Similarly, the Src homology 3 and guanylate kinase domains in β-subunits indicate a multiplicity of potential protein partners. To investigate whether β3 interacts with such proteins and participates in multiprotein T cell signaling complexes, we immunoprecipitated β3-interacting proteins from primary wild-type and Cacnb3 -/-CD8 + T lymphocytes with anti-β3 and analyzed them by immunoblot with antibodies to known key T cell signaling kinases and adapters. Notably, anti-β3 recovered Lck, Vav, Zap70, Nck and Grb2 only in wild-type CD8 + T cells but not in Cacnb3 -/-CD8 + T cells (Fig. 9a) .
We used coimmunoprecipitation experiments to determine whether the Ca v 1.4 channel protein is directly present in the TCR signaling complex. We immunoprecipitated Ca v 1.4-interacting proteins from wild-type CD8 + T lymphocytes and analyzed them by immunoblot with antibodies to known key T cell signaling kinases and adaptors. A fraction of Lck and Vav was coimmunoprecipitated by monoclonal anti-Ca v 1.4 (Fig. 9b) . Overall, these data indicate possible synergy of crosstalk between Ca v channels and the T cell signaling machinery in a cellular context in which interaction of these molecules is required for rapid Ca 2+ influx once the TCR is stimulated in either an antigendependent or antigen-independent manner.
Ca v 1.4 localizes in lipid rafts of CD8 + T cells
Ca v 1.4 has been shown to interact with filamin proteins in immune cells 34 . Filamin is expressed in T lymphocytes and participates in T cell activation 35 . Notably, CD28 associates with filamin, which is required for CD28-induced recruitment of lipid rafts into the immunological synapse 36 . These lipid rafts concentrate glycophosphatidylinositollinked proteins (glycosphingolipids), as well as several molecules involved in signal transduction, such as Lck, Lat, Ras and G proteins; thus, lipid rafts provide a signaling platform 37 .
Our finding that Ca v 1.4 was in a complex with the raft-resident proteins Lck and Vav (Fig. 9b) , coupled with the reported interaction of Ca v 1.4 with filamins 34 , led us to speculate that Ca v 1.4 might be localized in lipid rafts to facilitate the TCR-mediated sustained Ca 2+ influx. To investigate this possibility, we purified lipid rafts from CD8 + T cells of wild-type mice and analyzed them by immunoblot for the presence of Ca v 1.4 and known raft-resident signaling proteins, such as Lck and Vav. Notably, we found Ca v 1.4, along with Lck and Vav, in lipid raft fractions (Fig. 9c) . As a control for the purity of lipid raft fractions, we analyzed the presence of ganglioside GM1, which is a commonly used raft marker. GM1 staining was positive only in detergent-resistant lipid raft fractions (3) (4) (5) and not in detergent-soluble cytosolic fractions (8-11; Although our data lacked measurement of basal Ca 2+ in unstimulated cells due to technical limitations, we found much lower basal NFATc1 in naive Cacnb3 -/-CD8 + T cells (in the absence of any TCR stimulation). This suggested lower NFAT-dependent Nfatc1 expression, as Nfatc1 has functional binding sites for NFAT proteins, and an autoregulatory role for NFAT factors has been described in mouse T cells 39 .
DISCUSSION
We found that β3 associated with the Ca v 1.4 subunit and that β3 deficiency resulted in complete cellular depletion of this pore-forming Ca v 1.4 subunit, which suggested that β3 is required for a functional and stable Ca v 1.4 channel in T cells, probably by protecting Ca v 1.4 from degradation. Notably, we found that β3 and Ca v 1.4 were associated with a T cell signaling complex in primary CD8 + T cells that was not dependent on TCR stimulation, which suggested that a preformed complex of these proteins exists in naive T cells. Furthermore, we identified a fraction of Ca v 1.4 as a lipid raft-resident Ca 2+ channel protein. The reported interaction of Ca v 1.4 with filamins in spleen cells 34 combined with our finding of its association with Lck and Vav highlight a Ca v channel-dependent molecular architecture of a signaling complex in specialized microdomains of T cells. These observations further gain importance given the widely accepted model that the specificity, reliability and accurate execution of signaling processes depend on tightly regulated spatiotemporal Ca 2+ signals restricted to precise microdomains that contain Ca 2+ -permeable channels and their modulators 40, 41 .
It has been suggested that Ca v 1.4 is a unique channel that supports only minute amounts of Ca 2+ entry 42 . Low intensity of Ca 2+ influx has been shown to regulate the survival of naive T cells in the absence of antigen 43 . On the basis of such observations, we believe that a Ca v 1.4-β3 complex in naive CD8 + T cells is involved in an antigen-independent, major histocompatibility complex-triggered Ca 2+ response that generates tonic signaling for the survival of these cells. Tonic signaling might be required to have threshold expression of important transcription factors such as NFAT proteins that in turn repress the expression of proapoptotic genes such as Fas and also maintain threshold expression of antiapoptotic genes such as those encoding Bcl-2, Bcl-x L and c-FLIP. Our observation that the Ca v 1.4-β3 complex regulated the Ca 2+ influx required for the survival of naive CD8 + T lymphocytes has fundamental importance in understanding the regulatory mechanisms of calcium signaling in primary T cells. As Ca v channels are clinically well-established targets in many pathological conditions, the β3-Ca v 1.4-dependent pathway in CD8 + T cells identified by our study may be used to design therapeutic agents to inhibit aggressive CD8 + T cells in autoimmune and lymphoproliferative diseases.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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